Fujii, Naotaka, Hajime Mushiake, and Jun Tanji. Intracortical on a front panel separated by 20Њ from a center LED] for a fixation microstimulation of bilateral frontal eye field. J. Neurophysiol. 79: period of 1.5-2.0 s. Monkeys were rewarded if their eyes remained [2240][2241][2242][2243][2244] 1998. We trained two monkeys to perform a fixation fixated within a 2Њ fixation window and in each trial, fixation targets task. Intracortical microstimulation (ICMS) was applied to the were randomly selected. The FEF of both hemispheres was identified monkey frontal eye field (FEF) while monkeys were fixating on as an area in the anterior wall of the arcuate sulcus (Fig. 1A) from one of five fixation LEDs. The ICMS was applied in two different which intracortical microstimulation (ICMS) evoked saccades with manners. Under the single stimulation condition, ICMS was deliv-low currents (õ50 mA) (Fujii et al. 1995; Mushiake et al. 1996). ered to either right or left FEF. Under the paired stimulation condi-The ICMS was delivered to the FEF 300 ms after the onset of the tion, bilateral FEF were successively stimulated with an interval fixation period in two different manners. First, a single stimulation of 30-250 ms. The single stimulation elicited contraversive sac-(of 10-20 negative pulses of 0.2-ms duration at 333 Hz) was applied cades. As reported previously, these saccades were not much af-to either the right or left FEF. Second, both the right and left FEF fected by initial eye positions, maintaining the same vector. In were stimulated with a paired stimulation with an interval ranging contrast, the paired stimulation elicited double-step saccades. The from 30 to 250 ms (Fig. 1B ). Either the right or left FEF was first of the paired stimulation elicited constant vector saccades, but stimulated first. As a result of the paired stimulation, two saccades the second of the paired stimulation evoked saccades whose vector were evoked in succession, but with an intervening interval. Eye varied greatly depending on the eye position at the start of individ-movements and positions were monitored by an infrared reflection ual saccades. The second saccades, starting from various initial system (RMS-system) with a resolution of 0.5Њ and 4 ms. positions, were directed to the endpoint of saccades that were elicited from the same FEF site under the single stimulation condition. Fig 1C. As reported previously (Russo and Bruce 1993), According to a currently prevailing view, the frontal eye the direction and amplitude of saccades were primarily deterfield (FEF) is organized in such a way that individual com-mined by cortical sites of stimulation and did not vary greatly ponents of its output structure encode vectors of saccadic depending on gaze positions (corresponding to the fixation eye movements (Bruce and Goldberg 1985a,b; Russo and point in this study). Saccade vectors of S1 evoked from five Bruce 1993 Bruce , 1996 . Observations concerning the effects of different fixation points are shown in Fig. 2A . intracortical microstimulation and activity properties of sinWhat kind of saccades would be evoked when both right gle FEF cells in relation to visually guided saccades have and left FEF are activated, one after another, with a paired supported the vector hypothesis. Microstimulation of the stimulation? If we assume that the FEF stimulation evokes FEF have appeared to evoke fixed-vector saccades (Russo fixed-vector saccades to each component of the paired stimuand Bruce 1993). Oculomotor related activity of individual lation, then a double-step saccade would be evoked as if cells has a motor field of a certain direction and amplitude two saccades of two vectors observed in the right and left (Russo and Bruce 1996) . S1 were evoked in succession. If stimulation of the left FEF However, some findings are not consistent with the vector is followed by stimulation of the right FEF with a delay, hypothesis (Dassonville et al. 1992; Schlag and Schlag-Rey then the double-step saccade may appear as shown in the 1990). When microstimulation of the FEF was applied dur-left panel of Fig. 1D . If the stimulation order is reversed, ing ongoing natural saccades, the colliding saccades were then the evoked saccades may appear as in the right panel. found not to be fixed-vector. Instead, the evoked saccades In both cases, the first (D1) and second (D2) components compensated for the initial part of the ongoing voluntary of the double-step saccades would correspond to the S1 saccades and were advanced toward a variety of different evoked from either the left or right FEF. However, actual directions. In the present study, we employed a new ap-saccades evoked by the paired stimulation were not what proach of stimulating the FEF in two hemispheres and found the fixed-vector hypothesis predicted. Although the first novel stimulation effects of the FEF, which cannot be ex-component, D1, appeared not different from the S1 evoked plained by the vector hypothesis.
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from the same site, the vector of the second component D2
M E T H O D S
was different from the vector of single saccades. As shown in Fig. 1E , right, the vector of D2 evoked from the left FEF stimulation site (interrupted arrow, Fig. 1E ). In fact, the D2 to indicate that the different sets of D2 initiated from multiple eye positions converge on a target of S1. To quantify appeared as if to be directed toward the endpoint of S1 started from the fixation point (see also the left panel that the degree of convergence, a regression analysis was made according to a method recently reported (Russo and Bruce shows the outcome of left-right stimulation). 1993). In Fig. 2D , left, horizontal sizes of evoked saccades To observe whether or not the D2 was directed toward shown in Fig. 2C are plotted against relative values of horian endpoint of S1 from a fixation point, movement vectors zontal eye positions (from the fixation point) at the start of of three sets of D2 initiated from different eye positions are each saccade. In Fig. 2D , right, vertical sizes (upward is superimposed in Fig. 2C . All vectors shown in Fig. 2C are positive and downward is negative) are plotted against the of saccades evoked from a single stimulation site in the left relative vertical positions. In both plots, the effects of orbital FEF. While the monkey was fixating at a central fixation positions on sizes of evoked saccades appeared large. The target (᭺), stimulation of three different sites in the right regression coefficients calculated from the horizontal and FEF (3 sets of D1, not shown) drove the eyes to three different positions. Immediately thereafter, stimulation of a vertical plots were 00.72 and 00.8, indicating strong convergence of the saccades. In contrast, when the single sacsingle site in the left FEF evoked saccades with vectors labeled D2, D2, and D2Љ. All vectors appeared to be di-cades (e.g., 5 sets of S1 shown in Fig. 2 A) evoked from different fixation points were similarly plotted (Fig. 2B ), rected toward an endpoint of S1, which was the saccade evoked from the same cortical site when the eyes were fix-the effect of the initial eye position on the saccade size was small. In an example shown in Fig. 2A cal regression coefficients were 00.19 and 00.19. The distri-The saccade endpoint generally fell close to that of S1. The constancy of the endpoint of D2 with delays of 90-150 ms bution of the horizontal and vertical regression coefficients obtained from the data in 28 different pairs of stimulation indicates that the endpoint was not much influenced with the stimulation delay. When the interval was as short as 30 sites is plotted in Fig. 2E . It is apparent that the coefficients obtained from saccades evoked by the paired stimulation ms, the endpoints slightly deviated from the S1 and the D2 amplitudes were smaller. This was because D2 often started (q, n Å 28) are larger than those obtained from saccades (S1) evoked by the single stimulation (ᮀ, n Å 28).
before the end of D1 and the two saccades collided. If the interval was ú200 ms, monkeys at times made voluntary To see whether or not the endpoint of D2 (2nd component of the double-step saccade) was influenced by the amount return saccades starting from the endpoint of D1 to the fixation point, before the onset of D2. In that case, D2 was of the stimulation delay (the interval between the paired stimulation), we systematically changed the delay, ranging elicited during the course of the ongoing return saccade.
Even in those special cases, D2 was directed toward the from 30 to 250 ms. In Fig. 3A , horizontal endpoints of D2 (relative to the fixation point) are plotted against the endpoint of S1, although the amplitudes of D2 were smaller.
Initially, we kept the fixation point illuminated while the stimulation delay. In Fig. 3B , amplitudes of D2 are plotted. stimulation to the contralateral FEF, the saccades evoked with the second of the paired stimulation to the FEF ( D2 ) were directed toward the endpoint of single saccades ( S1 ) evoked from the same stimulation site. Under this condition, the second of the two-step saccade ( D2 ) was by no means constant vector, but the direction and amplitude of the D2 was altered as if to compensate for the displacement caused by the first saccade ( D1 ) . The observation that the second of the paired saccade compensated for the first is not new ( e.g., Guthrie et al. 1983; Sparks and Mays 1983; Sparks and Porter 1983; cf. Goldberg and Bruce 1990 ) . In the present study, we utilized a new version of the pairedsaccade technique to propose a new hypothesis on the functional organization of the FEF. There is some resemblance between the present findings and previous observations by Schlag and his colleagues ( Dassonville et al. 1992; Schlag and Schlag-Rey 1990 ) . They stimulated the FEF immediately after onsets of naturally occurring voluntary saccades and found that the evoked saccades ( colliding on the ongoing saccades ) compensated for the displacement during the initial part of the voluntary saccades. Our findings, however, differs crucially from theirs with respect to the following aspect. In Schlag's colliding experiments, the timing between the occurrence of natural saccades and the stimulation of the FEF critically determined the amount of compensatory alterations of the saccade trajectories. Whereas the saccades evoked with the stimulation delivered shortly after (0-30 ms) the onset of voluntary saccades compensated for most of the intervening eye displacement, the compensation decayed greatly with longer intervals. In contrast, in our case, the endpoint of the second saccades ( D2 ) was not much time-variant, remaining close to the endpoint of S1 with the stimulation interval of 60 -250 ms. This time invariance in the saccade vector of D2 is important in interpreting our data with reference to a recent report. Nichols and Sparks ( 1995 ) of 60 -250 ms in the present findings, the displacement integrator in the brain stem mechanisms can not account paired-stimulation was delivered. Thereafter, we eliminated for the present observations of the long-lasting vector apthe fixation LED for 100-300 ms (gap period), starting pearances of D2 saccades directed to the endpoint of S1. from the onset of the first ICMS. The endpoint of D2 was We should add that our present data in no way contradict not much influenced by the gap (Fig. 3C) . Further, we extin-the previous results because our approach of using a paired guished the fixation light even before (50 ms) the onset of stimulation is different from previous studies employing the first of the paired stimulation, until 100 ms after the end voluntary saccades to which the electrical stimulation colof the second stimulation. The endpoint of D2 was not al-lided. tered by the gap of this length. These observations indicated
As an alternative explanation, we propose that the D2 that physical presence of the fixation LED at the time of vector reflects an aspect of functional properties of the FEF occurrence of the double-step saccade was not necessary for that has not been revealed. We interpret the fact that D2 D2 to exhibit the converging property.
saccades initiated from different eye positions always converge on the endpoint of S1 ( Fig. 2C ) as indicating that the FEF evokes saccades whose endpoint is determined on D I S C U S S I O N the basis of the fixation point. We now propose a hypothesis that vectors of saccades evoked from the FEF is calculated The main finding in this study was that, when the eyes were deviated from a fixation point as a result of the first with reference to a point of interest for subjects. In the proach of paired stimulation of the FEF, we introduced a condition where the eye positions at the time of FEF activa-Received 18 August 1997; accepted in final form 3 December 1997. tion were dissociated from the fixation point ( because of the deviation of eyes by a preceding D1 at the occurrence of D2 ) . Thus, the D2 saccades appeared to converge on a REFERENCES single point calculated with reference to the fixation point. In most of previous studies, on the other hand, because the BICHOT, N. P., SCHALL, J. D., AND THOMPSON, K. G. Visual feature selectivity in frontal eye fields induced by experience in mature macaques. Nature eye position at the time of FEF stimulation resided on 381: 697-699, 1996. internal reference points in the visual field, the saccades BRUCE, C. J. AND GOLDBERG, M. E. Primate frontal eye fields. I. Single appeared as if it were fixed vector. In other words, the neurons discharging before saccades. J.  vector hypothesis as to the principal organization of the 
